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Abstract 
Ternary lithium nickel borides LiNi3B1.8 and Li2.8Ni16B8 have been synthesized by using reactive 
LiH as a precursor. This synthetic route allows for the better mixing of the precursor powders, thus 
facilitating fast preparation of the alkali metal containing ternary borides. This method is suitable 
for “fast screening” of multicomponent systems comprised of elements with drastically different 
reactivities. Crystal structures of the compounds LiNi3B1.8 and Li2.8Ni16B8 were reinvestigated by 
combination of X-ray single crystal/synchrotron powder diffraction data, solid state 7Li and 11B 
NMR, and scanning transmission electron microscopy which allow determination of fine structural 
details including split position of Ni sites and ordering of B vacancies. Field dependent and 
temperature dependent magnetization measurements are consistent with spin glass behavior for 
both samples. 
 
 
 
Keywords: hydrides, intermetallic phases, synthesis design, solid state reactions, magnetic 
properties, solid state NMR, boron. 
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Introduction  
In recent years, materials discovery has been greatly accelerated by computational methods 
that have successfully predicted new materials and properties. This computational success should 
be complemented by the targeted synthesis of compounds with desired functionality and by the 
development of rapid synthesis methods allowing for the vast compositional screening of phase 
space [1-3]. However, the synthesis-by-design of energy-relevant inorganic materials is often 
hampered by a slow diffusion rates, necessitating high temperature regimes, where only 
thermodynamically stable products are obtained [2-6]. The synthesis of compounds using precursors 
with drastically different reactivity brings the synthetic challenge to the next level of complexity. 
For example, borides are a challenging synthetic target. Boride synthesis is hampered by the 
inertness and high melting point of elemental boron (2349 K). Although challenging to synthesize, 
borides exhibit diverse functionality and technologically relevant properties [7-9]. The structural 
and bonding diversity of borides is demonstrated by the broad range of their properties and 
applications. For example, Nd2Fe14B is the strongest permanent magnet 
[10], MgB2 is a 
superconductor below 39 K [11], AlFe2B2 is a promising magnetocaloric material 
[12, 13], ReB2 and 
WB4 are superhard materials 
[14], and YbB12 and SmB6 are Kondo and topological insulators.
[7] 
Also, the recent discoveries of low-temperature superconductivity in TaRh2B2, NbRh2B2 
[15] and 
NbRuB,[16] the high catalytic activity catalysis for hydrogen evolution reaction for Mo2B4,
[17] and 
itinerant magnetism in MRh6-nRunB3 (M = Co, Ni; n = 1-5)
[18] maintain the interest in the chemistry 
of borides.  
Given the extraordinary properties of borides, it would be beneficial to develop alternative 
synthetic methods that could improve yields, selectivity or open up the compositional phase space. 
Borides are traditionally synthesized by arc melting of elemental precursors, fused-salt 
electrolysis, synthesis from metallic melts, solid-state metathesis reactions, and carbo-, boro-, or 
metallothermal reduction of metal and boron oxides.[7-9] Recently, reactive boron halide precursors 
were explored for the rapid synthesis of binary borides, including refractory HfB2 (mp. 3473 K)
[19] 
and Mo2B4-based hydrogen-evolution reaction catalysts 
[20]. Single crystal growth from reactive 
Li or Mg fluxes was employed, including growth under high pressure conditions.[21, 22] 
Among the ternary borides, borides containing alkali metals and 3d-transition metals deserve 
particular attention, since only 3 ternary phases, all of them in the Li-Ni-B system [23-25], have been 
reported so far from 30 possible A-T-B ternary systems (A = alkali metal, Li, Na, K, Rb, Cs; T = 
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3d transition metal, V-Ni). If 4d and 5d transition metals are also considered, there are 90 potential 
ternary A-T-B systems (A = Li-Cs; T = Ti-Ni, Zr-Pd, Hf-Pt), however only 11 ternary compounds 
containing the heavier congeners of nickel or cobalt are reported. The paucity of A-T-B ternary 
compounds is in stark contrast with RE-T-B ternary systems, where for the selected 5 RE metals 
(RE = Y, Nd, Eu, Tb, Dy), over 300 ternary phase RE-T-B phases have been reported. [26] The RE-
T-B phases show a rich variation in their crystal chemistry, composition, transport and magnetic 
properties.[26] The unexplored A-T-B phase space is likely a consequence of the synthetic 
difficulties associated with the combination of highly reactive and volatile alkali metals with inert 
boron and transition metal, making the commonly used arc-melting synthesis method entirely 
inapplicable. Another factor is that the ductility and softness of alkali metals prevent their uniform 
mixing with boron and transition metal. Three reported ternary phases Li1.2Ni2.5B2, Li3Ni20B6, and 
Li2.75Ni16B7.75 crystalize in hexagonal, cubic and tetragonal structures, respectively. They exhibit 
disorder in their crystal structures with mixed occupied Li/Ni or Li/B sites.[23-25] Prolonged 
annealing (over 3 months) of elements was used for synthesis of hexagonal Li1.2Ni2.5B2 and no 
physical properties of either lithium nickel borides have been reported.[25]  
Here, as a proof-of-concept study, we report a novel rapid synthetic route for Li-Ni-B ternary 
phases by utilizing reactive hydride precursors.[27-29] With this synthetic route, synthesis of 
hexagonal Li1.2Ni2.5B2 phase can be achieved in a span of 12 hours, as opposed to previously 
reported 3-months long annealing. The structures, composition and magnetic properties are 
characterized for the resultant Li-Ni-B ternary phases. The detailed characterization by X-ray 
single crystal diffraction, solid state 7Li and 11B NMR, scanning transmission electron microscopy 
(STEM) allowed to re-determine the structure of hexagonal “Li1.2Ni2.5B2” phase and pinpoint the 
B vacancy ordering. The reported synthetic route can be further extended to the compositional 
phase screening in the ternary boride systems, containing alkali metal, and allow for the 
characterization of their magnetic properties.  
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Results and discussion 
Synthesis  
Three previously reported ternary phases “Li1.2Ni2.5B2”, Li3Ni20B6, and Li2.8Ni16B8 crystalize 
in hexagonal, cubic, and tetragonal crystal structures. The “Li1.2Ni2.5B2” phase has a different 
composition according to our single crystal X-ray diffraction structure refinement, and we will 
refer to it as hexagonal LiNi3B1.8 in the manuscript to avoid confusion. While syntheses of cubic 
Li3Ni20B6 and tetragonal Li2.8Ni16B8 phases were readily performed from Li-rich compositions, 
utilizing Li metal as a flux, the reported synthesis of the hexagonal phase requires prolonged 
annealing (over 3 months).[25] This can be attributed to the slow kinetics of hexagonal phase 
formation because of insufficient mixing. The soft and ductile nature of lithium as well as other 
alkali metals hampers the intimate mixing of the elemental precursors, thus thwarting the 
exploration of A-T-B ternary systems.  
Here we employ a reactive alkali metal hydride LiH precursor. The hydride route to non-
oxide materials has been successfully applied for the Zintl phases, such as A4E4 (A =Na, K; E = Si, 
Ge),[27] and recently we extended this method to doped BaFe2As2 superconductors 
[28]. The alkali 
earth metal hydride MgH2 was used to prepare a MgB2 superconductor.
[29] Unlike elemental alkali 
metals Li, Na, and K, the corresponding alkali metal hydrides LiH, NaH, KH are salt-like powders, 
and can be intimately mixed by ball-milling. Synthesis from hydrides provides easier handling and 
better mixing of the starting materials, leading to lower synthesis temperatures and/or faster 
reactions. The reducing atmosphere provided by the evolved hydrogen facilitates the preparation 
of oxygen-free powders.  
The heat treatment of ball milled lithium hydride LiH, elemental Ni and elemental B yields 
the preparation of all three reported Li-Ni-B ternary phases with minor content of impurities. The 
Rietveld refinement of synchrotron powder X-ray diffraction data confirmed the proposed 
structural models (vide infra) and allowed for an accurate estimation of impurity content: 6.3 wt. 
% of Ni2B for a sample of hexagonal LiNi3B1.8 phase and 1 wt. % of LiNi3B1.8 for a sample of 
tetragonal Li2.8Ni16B8 phase. 
We have empirically found that an excess of both lithium and boron is needed, since the 
starting compositions richer in lithium and boron yield almost single-phase products, as evidenced 
by powder XRD. An excess of lithium may also have an impact on the kinetics of the reaction 
leading to faster rate of reaction. Excessive amounts of boron might be needed to compensate for 
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the side reaction between boron and evolved hydrogen/Nb crucible material as well as to account 
for the oxygen content in amorphous boron. Due to the good mixing of LiH with Ni and B, 
tetragonal and cubic phases can be prepared within less than 24 hours. Moreover, the hexagonal 
compound can be prepared in a span of 12 hours via hydride route with ~93% yield (6% of 
tetragonal Li2.8Ni16B8 phase and traces of Ni2B as impurity), which is considerably faster as 
compared to the previously reported 3 month-annealing. According to the previous study [25], 
where synthesis from elements was employed, the hexagonal phase is a product of the slow 
reaction between binary Ni2B and an intermediate Li-rich ternary phase with approximate 
composition “Li1.3NiB”. The suggested temperature of the annealing for synthesis of the hexagonal 
phase from elements was 1023 K, since higher temperatures lead to decomposition of the 
hexagonal phase and its transformation to another high-temperature modification. In our study, the 
quenching of the hexagonal phase LiNi3B1.8 from 1173 K neither results in decomposition nor any 
high-temperature modification. Thus, lithium hydride is a suitable precursor for the fast 
exploration of the phase space of the ternary systems containing lithium, transition metal and 
boron, as we have shown by preparation of all three previously reported ternary lithium nickel 
boride phases. 
Crystal structures 
Jung, et al. [23-25] reported the crystal structures of three lithium nickel borides synthesized 
from elements: hexagonal Li1.2Ni2.5B2 compound (MgNi3B2 structure type, hP18, P6222, a = 
4.842, c = 8.664 Å), tetragonal Li2.75Ni16B7.75 (own structure type, tP54, P4/mbm, a = 8.216, c = 
7.414 Å) and cubic Li3Ni20B6 phase (Cr23C6 structure type, cF116, Fm-3m, a = 10.478 Å). The 
structure and properties of the cubic phase Li3Ni20B6 synthesized via hydride route will be reported 
in due course. 
Cell parameters of the hexagonal LiNi3B1.8 phase determined here are in good agreement with 
literature data for hexagonal phase, however the determined crystal structure and compositions are 
different from those previously reported for hexagonal Li1.2Ni2.5B2 (Figure 1). LiNi3B1.8 
crystalized in MgNi3B2 structure type (P6222), which is related to CeNi3B2-type with a hexagonal 
Kagome net (P6/mmm; ternary ordered variant of CaCu5) (Figure 1). The structure of LiNi3B1.8 is 
based on the corner sharing in ab plane trigonal Ni prisms, which further share trigonal faces along 
c-axis and form hexagonal channels centered by Li. The B atoms are located inside the Ni prisms, 
but shifted away from the center to form B-B pairs with a bond distance of 1.83 Å. Unlike the 
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structure CeCo3B2, where the Co atoms form a flat Kagome net in ab plane, while B atoms are 
centering the Co trigonal prism and isolated from each other, the Ni layers in LiNi3B1.8 are 
corrugated in accordance with 62 screw axis. The puckered Ni layers allows B-B pairs to form, 
which are arranged along 62 screw axis (Figure 2). Notably, the structure of LiNi3B1.8 is chiral, 
which is not very common for intermetallic compounds.[26]  
The described above structure of LiNi3B1.8 is idealized, and split sites are not yet considered. 
The single crystal X-ray data unambiguously indicates that there are additional electron density 
maxima located at distances of ~0.7 Å from Ni sites, which were assigned as Ni split sites as 
follows: the 6f Ni(1) site is split into three sites with the relative occupancy 
87.9(9)%/6.1(7)%/6.0(3)%, while 86(3)% of Ni(2) occupy 3d sites, and the rest, 14%, are shifted 
to 6f site, Ni(21). The split sites differ in z-coordinate, thus they are shifted along the c-axis. This 
leads to unreasonably short Ni-B distances (1.7 Å or 1.4 Å) between B and Ni(11) or Ni(12), 
suggesting that the B position is occupied only when Ni(1) is present. Therefore, boron 6i site was 
refined as partially occupied, which yields lower than 100% occupancy for this site. On the final 
stage of the refinement, its occupancy was constrained to be identical to that of Ni1 site, 87.9%. 
Therefore, statistically in ~88% of unit cells (Figure 3), boron forms homonuclear B-B bonds of 
1.84 Å and is surrounded by 6 Ni atoms occupying Ni(1) and Ni(2) sites at the distances ranging 
from 1.997(2) Å to 2.223(2) Å, which is similar to the Ni-B distances in other binary and ternary 
nickel borides (Ni3B: 1.97-2.14 Å Ni2B: 2.14 Å; MgNi3B2: 2.02-2.24 Å
[26]). Notably, the formation 
of B-B bonds occurs via the common edge of B-centered Ni6 trigonal prisms, which is quite 
uncommon for the transition borides, where interaction between B atoms typically occur via 
common rectangular face of the fused trigonal prisms. To the best of our knowledge, there are only 
two other examples of borides with such B coordination: MgNi3B2 discussed below and 
ZrCo3B2.
[26] Interaction of B atoms through the common edge of Ni6 prisms could be thought as 
a reason for the disorder in Ni discussed below.  In the remaining unit cells, B atoms are not present 
and Ni atoms shift to the split sites, Ni(11), Ni(12) and Ni(21) resulting in Ni-Ni bonding 
interactions. The bond distance between Ni(11) and Ni(12) sites is 2.51 Å, which is similar to Ni-
Ni bond distances in Ni metal (2.49 Å) and binary and ternary Ni borides (Ni2B: 2.38-2.71 Å; 
Ni3B: 2.46-2.63 Å; LaNi12B6: 2.46-2.63 Å; MgNi3B2: 2.47-2.57 Å; ErNi7B3: 2.47-2.79 Å 
[26]), 
while the Ni(11)-Ni(11) and Ni(21)-Ni(21) distances are too short (2.12 Å) and too long (2.89 Å), 
respectively. The similarity of the refined occupancies for Ni(11) and Ni(12) suggest that either 
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Ni(1) is present when the neighboring B site is occupied, or alternatively when a Ni(11)-Ni(12) 
pair is present the B site is vacant. This rearrangements further causes Ni(2) to shift to the Ni(21) 
split site to attain the most favorable Ni-Ni distances (Figure 3). These are the two statistically 
possible models, while in the real structure of LiNi3B1.8 more complex local ordering may occur, 
involving the shifts of light elements, Li and B, from their ideal atomic position, though it is 
impossible to detect by X-ray diffraction. It should be noted that the anisotropically refined model 
with Ni(1) and Ni(2) sites only (no split sites) does not give a satisfactory description of electron 
density map. Thus, in the structure of LiNi3B1.8 the shift of some Ni atoms to their corresponding 
split sites is accompanied by the formation of vacancies in B positions. Boron vacancies in 
transition metal borides have been reported previously, for instance in in LiB1-x,
[30-31] Pt2B1-x, 
Pt12CuB6-y 
[32], and Ir4B3-x,
[33] even though the partial occupancy of light B in the presence of heavy 
transition metals is difficult to discriminate based on single crystal X-ray data solely. 
Table 1. Atomic coordinates and isotropic equivalent displacement parameters of the hexagonal 
LiNi3B1.76(2) phase (MgNi3B2 structure type). Refined parameters based on single crystal data are 
listed; the parameters refined from high resolution synchrotron powder diffraction data are given 
in supporting information. 
Site 
Wyckoff 
site 
occ. x y z Ueq, Å
2 × 103 
LiNi3B1.76(2) (hP18, P6222, a = 4.8347(2), c = 8.6604(4) Å) 
Ni1 6f 0.879(9)** 1/2 0 0.2105(2) 2.7(2)* 
Ni11 6f 0.061(7)** 1/2 0 0.167(4) 2.7(2)* 
Ni12 6f 0.060(3)** 1/2 0 0.123(1) 2.7(2)*  
Ni2 3d 0.86(3)** 1/2 0 1/2 2.3(6)* 
Ni21 6f 0.07(1)** 1/2  0 0.459(2) 2.3(6)* 
B 6i 0.884(9) 0.6088(4) 0.2176(7) 0 3.3(5) 
Li 3a 1 0 0 0 8.8(10) 
Ueq is defined as one third of the trace of the orthogonalized Uij tensor.  
* Ueq parameters for the split sites Ni1/Ni11/Ni12 and Ni2/Ni21, respectively, were constrained to 
be the same.  
** The occupancy sums of the corresponding Ni split sites, Ni1/Ni11/Ni12 and Ni2/Ni21, 
resepctivelly, were fixed to unity. 
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Figure 1. Crystal structures comparison of LiNi3B1.8 (top) and CeNi3B2 (bottom) shown as [0001] 
(left) and [10-10] (right) projections; Li(Ce) – green, Ni – blue, B – red. The Ni split sites in the 
case of LiNi3B1.8 are not included. Unit cells are shown as black lines, and trigonal prisms Ni6 and 
Co6 coordination polyhedron around B atom are highlighted in yellow. 
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Figure 2. Coordination environment of B-B pairs, where two nickel distorted trigonal prisms 
sharing a common edge are shown along 3-fold axis (left); Arrangement of B-B pairs in accordance 
with 62 screw axis running along c-direction (right). Li – green, Ni – blue, B – red.  
 
According to the model reported by Jung, et. al. [25] the metal sites (6f and 3d) are mixed 
occupied by Ni/Li with ~17% of Li. Additionally the Li site in the hexagonal channels, 3a, is only 
partially occupied, ~70% leading to the overall composition Li1.2Ni2.5B2. We also have noticed the 
unreasonably high atomic displacement parameters (ADP) for B and Ni sites in the reported model. 
Our refinement of the structure model proposed by Jung, where split Ni sites (Ni(12) or Ni(21)) 
are refined as Li, leads to only 44% of Ni atoms occupying both 6f and 3d, thus the remaining 56% 
are occupied by Li. This model evokes short Li-B distances (1.48 Å, 1.98 Å) suggesting that B site 
has an occupancy of only 44%. Furthermore, such a refinement results in very large ADP 
parameters for Li sites in the hexagonal channels, which can be further modeled as partially 
occupied by Li 3a site. Overall, such a refinement has issues with the scaling, and results in an 
unrealistically Li-rich composition Li5Ni3B2, which is not consistent with the composition used 
for synthesis. Additionally, in such a model there are at least three distinct Li environments.  
Interestingly, the originally proposed structure for MgNi2.5B2, which is isostructural to 
LiNi3B1.8 and was reported to have mixed occupied Mg/Ni sites together with the partially 
occupied Mg site in the hexagonal channel, was recently re-determined.[34] It was found that the 
structure has a complete ordering of Mg, Ni and B over different crystallographic sites leading to 
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the MgNi3B2 composition. Unlike LiNi3B1.8, in the structure of MgNi3B2 no B vacancies or Ni 
split sites have been detected. 
The crystal structure of LiNi3B1.8 is challenging to solve because there are two light atoms, Li 
and B, in the presence of heavy Ni atoms. Moreover, Li is known to adopt various coordination 
environment with a broad range of typical bond distances, thus any conclusion about atomic site 
occupation based on typical bond distances is often ambiguous. The commonly used methods to 
further confirm the composition of the LiNi3B1.8 phase, such as EDXS or WDXS, cannot provide 
reliable quantification of both Li and B contents. Thus, we have applied electron diffraction (ED) 
and Scanning Transmission Electron Microscopy (STEM) and solid state NMR spectroscopy to 
further shed light on the atomic arrangement in LiNi3B1.8 phase, particularly confirm the vacancies 
in B sites.  
 
Figure 3. The Ni coordination environment around B-B pairs, including Ni split sites, Ni(11), 
Ni(12), and Ni(21) in the structure of LiNi3B1.8. Two statistically possible models with optimized 
bond distances are shown to the right.  
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The powdered sample of LiNi3B1.8 phase was found to be sensitive to high energy electron 
beam, therefore it was not possible to perform quantitative chemical analysis by electron energy 
loss spectroscopy (EELS), but the semiquantitative information about B and Li was obtained by 
STEM Annular Bright-Field (ABF) imaging. However, STEM and ED patterns can be acquired 
with short exposure time (Figure 4). ED patterns along [0001] and [211̅̅̅̅ 3] crystallographic 
directions were consistent with a 6/m hexagonal Laue symmetry and can be indexed in P-
hexagonal unit cell (a ~ 4.8 Å and c ~ 8.7 Å), in agreement with the single crystal XRD data. No 
additional systematic extinctions were observed. Fourier transform (FT) of the STEM image for 
the [0001] orientation resulted in the pattern (insert in upper-left corner of Figure 5) which can be 
completely indexed in the same hexagonal cell, in good agreement with the experimental [0001] 
ED pattern. However, the intensity of the diffraction spots in the ED pattern suggest that the actual 
symmetry might be lower (Figure S1). More insight into the lattice symmetry was provided by 
Annular Dark-Field (ADF) and Annular Bright-Field (ABF) imaging collected for the [0001] 
direction (Figure 5). The Ni sublattice follows the 6/m hexagonal symmetry as evident from the 
hexagonal patterns of bright spots corresponding to the position of Ni atoms on ADF image, and 
dark spot on ABF image. The B-B pairs atoms, located inside the trigonal Ni prisms, are oriented 
in ab-plane (Figure 2). The darker contrast on ABF images inside the Ni prisms is attributed to B 
atoms, however there is a clear difference in intensity (Figure 5). The variation in contrast inside 
Ni prisms follows the trigonal symmetry. To model such a variation in contrast the structure was 
transformed into P3212 (No. 153) space group allowing for the two 3-fold B sites instead of one 
6-fold site in P6222 space group. By setting up the different occupancy factors for the two B site 
(44.25% vs. 89%) we modeled the difference in contrast inside the Ni trigonal prisms on the ABF 
image (Figure 6). This model would also imply that some of the B atoms do not have another B at 
the distance of 1.8 Å. To correctly model the experimentally observed ABF contrast difference 
inside Ni trigonal prisms, the occupancy factors of two B sites should differ by at least factor of 2. 
Smaller difference in occupancy factors for the two B sites does not produce sufficiently good 
agreement with experimental ABF images. The Li position inside hexagonal channels cannot be 
seen on the ADF image. But, ABF images suggest that the Li position (marked with green spheres 
to guide the eye in Figure 5) is slightly shifted from the center of the channel, consistent with 
lowering of the symmetry to P3212, since the Li 3a (0,0,0) site in the P6222 space group becomes 
3b (x, -x, 1/6), allowing for displacement in the ab-plane. The ordering of B vacancies 
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accompanied by displacement of Rh atoms studied by ED and STEM for CeRh3Bx and ScRh3Bx 
(CuAu3-type) 
[35, 36] leads to the superstructure with occupational modulation. This appeared to be 
not the case for LiNi3B1.8, where ordering of B atoms does not lead to the superstructure detectable 
by either electron diffraction or synchrotron X-ray diffraction. 
 
Figure 4. Electron diffraction patterns of hexagonal LiNi3B1.8 phase taken along [0001] and [2-
1-13] crystallographic directions. The indexing is performed on the hexagonal unit cell with a ~ 
4.8 Å and c ~ 8.7 Å. 
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Figure 5. ADF-STEM images (top) and ABF-STEM images (bottom) of hexagonal LiNi3B1.8 
phase along the [0001] crystallographic direction taken with low (left), medium (middle) and high 
(right) magnification. The inset in low magnification ADF image shows fast Fourier transform 
(FFT) pattern. The crystal structure model in P3212 space group with ordering of B vacancies is 
shown as an overlay: Li – green, Ni – blue, B – red; B (vacancies) – yellow. 
 
10.1002/chem.201805398
Ac
ce
pt
ed
 M
an
us
cr
ip
t
Chemistry - A European Journal
This article is protected by copyright. All rights reserved.
14 
 
Figure 6. Experimental (top) and simulated (bottom) ABF-STEM images. The simulated image 
was calculated for trigonal model of hexagonal LiNi3B1.8 phase, where occupancies of two B sites 
differ by a factor of 2 (44.25% vs. 88.5 %). The periodic variation of ABF-STEM contrast 
attributed to different occupancy of B sited located inside the Ni prisms is shown by blue and green 
arrows together with the picture of trigonal model of crystal structure.  
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Figure 7. a) 7Li and b) 11B MAS solid-state NMR spectra of hexagonal LiNi3B1.8 phase (upper 
traces) and tetragonal Li2.8Ni16B8 phase (lower trace). c) 
7Li-7Li homonuclear dipolar double-
quantum single-quantum (DQ-SQ) 2D correlation spectrum of tetragonal Li2.8Ni16B8 used to 
confirm assignment of the signal at –11 ppm to the Li(2) sites. The asterisk indicates a spinning 
sideband. 
 
Solid-State NMR Spectroscopy. To further shed light on the Li and B coordination 
environment in the structure of LiNi3B1.8 hexagonal phase 
7Li and 11B solid state NMR spectra 
were collected (Figure 7). The 7Li MAS NMR spectra of the sample of the as-synthesized LiNi3B1.8 
sample showed two distinct peaks at ca. 28 ppm and ca. 1 ppm with an approximate 2:1 intensity 
ratio (Figure S8). However, after rinsing the sample with deionized water, the intensity of the peak 
at 1 ppm was significantly reduced (Figure S8). Therefore, the peak at ~1 ppm is attributed to 
diamagnetic impurity phases, such as Li2O (2.8 ppm), LiOHH2O (0.4 ppm), LiOH (1.3 ppm), 
Li2CO3 (0 ppm). The major component at 28 ppm is shifted to higher frequencies compared to 
diamagnetic signal, indicative of a Knight shift from conduction electrons, confirming the metallic 
nature of LiNi3B1.8. The chemical shift of 28 ppm is in the range of the 
7Li Knight shifts in Li-
containing intermetallics with non-zero density of states at Fermi level (LiRh2Si2: 28 ppm; Li12Si7: 
15 ppm; Li-Sn binaries: 10-45 ppm, Table S4). The substantial Knight shift suggests there is a low 
degree of ionicity in the Li bonding state. The 7Li peak at 28 ppm is broad, likely because of 
splitting of the Ni sites which is accompanied by B vacancies, leading to a distribution of local 7Li 
environments and chemical shifts. 
The 11B solid-state NMR spectrum of LiNi3B1.8 shows a primary peak at 170 ppm which is 
attributed to the single symmetry related B site. The additional minor peak at ca. 0 ppm is assigned 
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to amorphous boron oxide impurities and the low intensity peak at 355 ppm assigned to minor 
Ni2B impurity (Figure S9). The 
11B chemical shift of 170 ppm for LiNi3B1.8 is in the typical range 
for metallic borides and borocarbides (SrB6: 186 ppm; BaB6: 147 ppm; KB6: 84 ppm; LiBC: 49 
ppm, Zr2Ir6B: 100-200 ppm, Table S4), confirming the metallic nature of LiNi3B1.8. We note that 
the 11B peak has a full width at half height of ca. 18 ppm, which is significantly greater than the 
11B peak widths observed for the highly ordered tetragonal phase (see below). The observed 11B 
peak broadening is consistent with the observed 7Li peak broadening that likely arises because of 
partial B occupancy and splitting of the Ni sites. 
The 7Li and 11B solid-state NMR spectra of the tetragonal Li2.80(8)Ni16B8 phase are consistent 
with the structure models described below. The crystal structure of tetragonal Li2.8Ni16B8 phase is 
in good agreement with literature data [25]. Considering the cut-off for the Ni-B distance of 2.2 Å, 
which is comparable to the typical bond distance in binary Ni borides (Ni2B dNi-B = 2.136 Å, NiB 
dNi-B = 2.054-2.063 Å, Ni4B3 dNi-B = 2.066-2.355 Å 
[26]), the structure of Li2.8Ni16B8 can be 
represented by packing of boron-centered Ni polyhedra (Figure 8). The coordination environment 
of the B(1) site is square antiprismatic consisting of eight Ni atoms. These antiprisms are stacked 
in pairs along c-axis by sharing the common square face, with a 2.14 Å distance between B(1) 
sites. Boron in B(2) sites are coordinated by 4 Ni, forming distorted trigonal pyramids, which are 
further linked in pairs by sharing a common edge with distant B(2) sites. The distance between 
B(2) sites exceeds 3.2 Å. Furthermore, the coordination environment of the B(3) site is best 
described as monocapped trigonal prism consisting of seven Ni atoms. These units are further 
linked in pairs by sharing common edge resulting in the distance between B(3) sites of 3.18 Å. 
Lithium atoms occupy two sites, Li(1) in 2a and Li(2) in 4h, the latter is only partially occupied, 
~ 90(4) %, thus the ratio between two sites is 1:1.8. Li(1) is located between pairs of square 
antiprisms centered by B(1) atom, thus Li(1) is coordinated by 8 Ni atoms at the distance of 2.43 
Å and two B(1) at the distance of 2.64 Å. In turn, Li(2) atom is located in the cage formed by 
nickel polyhedra centered by B(1), B(2) and B(3) and sharing common edges (Figure 8, right). 
Remarkably, Li(2) has a relatively short distance to the symmetrically equivalent Li(2) site of 2.34 
Å. With the exception of Li-containing hydrides, oxides, nitrides, pnictides, chalcogenides and 
halides, there are only few compounds featuring such a short Li-Li distance: 2.35 Å in Li9Al4, 2.29 
Å in Li2Rh3B2, 2.38-2.40 Å in Li17Tt4 (Tt = Si, Ge), 2.22 Å in Sr3Li2 
[26]. 
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There are two peaks visible in the 7Li solid-state NMR spectrum at chemical shifts of 26 ppm 
and –11 ppm (Figure 7). An additional low intensity 7Li NMR signal at –0.8 ppm is assigned to 
diamagnetic Li hydroxide impurity. The two main peaks have a relative integrated intensity ratio 
of 1.0:2.0, in agreement with the intensity ratio expected from the structure. The lower intensity 
peak at 26 ppm is assigned to Li(2) which occupies the 2a site. This Li atom has a short distance 
of 2.43 Å to Ni sites, which could explain its large positive shift. The signal at –11 ppm has a short 
distance to another Li of 2.34 Å. A 7Li-7Li homonuclear dipolar double quantum single-quantum 
(DQ-SQ) correlation spectrum obtained with a short dipolar recoupling time selectively shows the 
NMR signal at –11 ppm, confirming the assignment of this signal to Li(2) (Figure 7c). As expected, 
the 11B solid-state NMR spectrum shows 3 different 11B peaks. The 11B peaks have chemical shifts 
of 344 ppm, 295 ppm and 197 ppm which are assigned to the 8k, 4e, and 4g crystallographic sites, 
respectively, although the assignment of signals to the 4e and 4g sites is ambiguous. However, the 
experimental relative integrated intensities of 2:1.4:1.7 differ from the expected peak ratios of 
2:1:1. The difference between the expected and observed integrated intensities most likely arises 
from differences in the quadrupole coupling constant (CQ) and/or overlap of signals. Differences 
in CQ between sites will affect the nutation behavior and relative intensity of the NMR signals.
[37] 
There are clearly broad underlying signals in the region of 300 ppm to 100 ppm that will add extra 
relative intensity to the two lowest frequency signals.  
 
Figure 8. Crystal structure of Li2.8Ni16B8 shown in ab-plane (left) and along c axis (right). The 
coordination environments of B(1), B(2), B(3) and Li(1) sites is given in the middle. The 
coordination environment of Li(2) sites is emphasized (right). Li – black, Ni – blue, B – red; Unit 
cells are shown as black lines. 
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Magnetic properties  
The temperature dependence of ZFC/FC (zero-field and field cooled) magnetic 
susceptibility was measured for the powdered samples of LiNi3B1.8, and Li2.8Ni16B8 in various 
applied magnetic fields (50 Oe, 1 kOe, 10 kOe, 20 kOe). No superconducting transition was 
detected down to 2 K (Figure 9). The ZFC/FC magnetic susceptibility exhibits most likely spin 
glass or cluster glass magnetic transition at low temperatures for both hexagonal LiNi3B1.8 and 
tetragonal phases Li2.8Ni16B8 as evident from the broad local maxima in ZFC data coupled with 
splitting of ZFC/FC curves at ~ 10.7 K and ~ 14.7 K at 50 Oe, respectively. An increase of the 
applied magnetic field to 1 kOe supresses the transition causing shifting of the cusp temperature 
to ~ 8.7 K and ~ 12.7 K for hexagonal LiNi3B1.76 and tetragonal phases Li2.8Ni16B8, respectively. 
The field of 20 kOe supresses the transition resulting in essentially no difference between ZFC and 
FC data. The weak magnetic field dependency of magnetic susceptibility (Figure S6) indicates the 
presence of small amount of ferromagnetic impurities. The minor impurity of binary boride Ni2B 
identified by powder XRD is paramagnetic.[38, 39] Assuming nickel metal as ferromagnetic 
impurity, its content was estimated from the difference between (30 kOe) and  (20 kOe) at 300 
K to be ~ 4 ppm. Assuming a complete saturation of the magnetization of the ferromagnetic 
impurities at higher fields ( 10 kOe), the intrinsic magnetic susceptibility was obtained using 
Honda-Owen method.[40, 41] For this, the M/H vs. 1/H was linearly extrapolated to infinite fields 
(1/H = 0), e.g. M/H = M / H.  
The intrinsic magnetic susceptibility was fitted according to Curie-Weiss law,  = 0 + 
C/(T  ) in the temperature range 50 – 300 K, where 0 is a temperature-independent contribution 
originating from the Pauli paramagnetism and Landau diamagnetism of conduction electrons and 
diamagnetism for the closed-shells, C is a Curie constant, and  is the Weiss temperature. The 
following values were obtained for the hexagonal LiNi3B1.8 phase: 0 = 0 (~10-20) emu/mol, C = 
0.011(4) emu·K/mol,  = 23.7(2) K, and 0.17 B / per Ni atom, and for the tetragonal Li2.8Ni16B8 
phase: 0 = 7.6(3)×10-4 emu/mol, C = 0.1083(6) emu·K/mol,  = 11.6(2) K, and 0.23 B / per Ni 
atom (Figure S6). 
For the hexagonal phase the temperature independent term, 0 is small, if not negligible. 
The positive Weiss constant suggests ferromagnetic nearest neighbour interactions. For the 
tetragonal phase, the temperature independent term, 0 is significant, while the Weiss constant of 
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11 K corresponds to the weaker magnetic coupling. The considerable contribution of the 
temperature independent term, 0 in the case of tetragonal phase, but not hexagonal phase, is in 
line with the band structure calculations (vide supra). 
For both compounds the Curie-Weiss fits yields magnetic moment per Ni atom: eff = 0.17 
B for hexagonal and eff = 0.23 B for tetragonal phases. These magnetic moments are comparable 
to the effective magnetic moment of 0.33 B per Ni atom of the paramagnetic Lu2-xNi21B6.[39] We 
hypothesize that the calculated low magnetic moment can be accounted by the low concentration 
of localized Ni magnetic spins spread over the structure, so that their coupling is minimized, in a 
way similar to the diluted spin glass. The localized magnetic moments on Ni might be located at 
the close proximity to the structural defect, e.g. B vacancies in the case of hexagonal LiNi3B1.8 and 
Li vacancies in the case of tetragonal Li2.8Ni16B8, thus explain similar spin glass transition for both 
phases.  
The isothermal magnetization M vs H at 2 K (Figure S7) do not saturate up to 7 T and have 
a hysteresis of ~0.5 T for tetragonal and ~0.38 T for hexagonal phases. The M vs H dependencies 
at 100 K and 200 K are linear above 10 kOe (once the ferromagnetic impurity is saturated), 
corresponding to the paramagnetic regime. The induced magnetic moment is only 0.005 B /Ni 
atom for both phases at 2 K and 70 kOe. The ZFC/FC splitting and the low magnetic moment per 
Ni atom might indicate the presence a spin-glass-like transition, associated with dilute Ni moments 
in a metallic matrix. The weak magnetic interaction between Ni centers resulting in low 
temperature spin glass phase are expected for nickel with nearly filled 3d-band. Interestingly, 
similar behavior was reported for other structurally different intermetallic compounds, containing 
Ni as the only magnetic center: AeNiGe (Ae = Sr, Ba)[42] and MgNi7B3
[43] and Mg3+xNi7-xB2 
(0.17 x  0.66).[44] 
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Figure 9. Temperature dependence of magnetic susceptibility,  vs. T data for powdered samples 
of hexagonal LiNi3B1.8 phase (blue) and tetragonal Li2.8Ni16B8 phase (red). (Top and middle) Data 
collected at low field (H = 50 Oe and 1 kOe) show field-cooled/zero field-cooled splitting, 
indicative of a spin freezing transition. (Bottom) Data collected at high field (H = 20 kOe) feature 
no ZFC-FC splitting. 
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Quantum-chemical calculations.  
 
Figure 10. Total (black) and partial DOS representations for hexagonal LiNi3B2 phase (left) and 
tetragonal Li3Ni16B8 phase (right). The zero energy is taken at the Fermi level EF. The atomic 
contributions of Ni (blue), Li (green) and B (red) are shown. 
 
The total and partial density of states (Figure 10) were calculated using the Vienna ab initio 
simulation package (VASP). The ordered crystal structure models were used for calculations, 
corresponding to the LiNi3B2 (Z = 3) for hexagonal phase and Li3Ni16B8 for tetragonal (Z = 2) 
(Figure 10). Both compounds are found to be metallic with a non-zero density of states at the Fermi 
level, consistent with metallic NMR Knight shifts and contribution of temperature-independent 
Pauli paramagnetism into magnetic susceptibility. In the case of hexagonal LiNi3B2 the Fermi level 
reside in the vicinity of pseudogap with DOS(EF) = 0.3 states eV
-1 per atom, while for tetragonal 
is characterized by higher density of states at Fermi level: DOS(EF) = 0.6 states eV
-1
 per atom, in 
line with the larger contribution of temperature independent term into magnetic susceptibility (vide 
supra). For both band structures, Ni atomic orbitals, particularly Ni-3d, have the major 
contribution to the states right below Fermi level. The integrated density of states of the Ni(3d) 
orbitals yields 8.4 electrons/Ni atom at the Fermi level for both LiNi3B2 and Li3Ni16B8 
compositions, indicating the nearly filled d-states.  
Despite the expected localized Li states well below Fermi level, which would have been 
indicative of Li donating its valence electron to [Ni-B] framework, the Li states contribution, albeit 
very small, spans the broad range of energies and have high dispersion. Similarly, the B states are 
dispersed and hybridized with those from Ni and Li. Thus, the density of states in the studied Li-
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Ni-B is dominated by transition metal 3d orbitals, while Li and B are needed for templating crystal 
structure.  
 
Conclusions. By utilizing lithium hydride as a Li precursor, the ternary lithium nickel 
boride phases have been rapidly synthesized owing to the homogeneous mixing of starting 
materials. The previously reported synthesis route includes prolonged annealing, while hydride 
precursors used here enabled the kinetic barriers associated with inertness of elemental boron to 
be overcome. By using a synergistic set of techniques, including solid state NMR and STEM the 
structural features of Li-Ni-B phases, such as ordering of B vacancies, which are difficult to 
determine by X-ray diffraction alone, were determined. The crystal structure of the tetragonal 
phase Li2.8Ni16B8 (own structure type, P4/mbm) has been confirmed. Whereas the hexagonal 
crystal structure of the Li1.2Ni2.5B2 phase previously reported in the literature (MgNi3B2 type, 
P6222) with Li/Ni mixed occupied sites was re-determined to be LiNi3B1.8 (P6222) with several Ni 
split positions accompanied with B vacancies and one distinct Li position, in agreement with 
acquired 7Li and 11B solid state NMR data. Both hexagonal and tetragonal phases are paramagnetic 
at room temperature, and exhibit spin-glass state at 10-15 K. The proposed synthetic methodology 
offers fast screening of the multi-dimensional space of compositions, allowing for the preparation 
of new compounds, that are difficult to obtain by other means.  
 
Experimental 
Synthesis. Starting materials for synthesis were powders of lithium hydride (AlfaAesar, 99.4%), 
nickel (AlfaAesar, 99.996%), and boron (ChemPur, amorphous & crystalline, 98%). All 
manipulations of the materials were performed in an argon-filled glovebox with p(O2) < 1 ppm. 
Powders of the starting materials were weighted in desired ratios and loaded into grinding vial set 
with tungsten carbide inserts and tungsten carbide ball or polycarbonate vial set with polycarbonate 
ball. The vials were sealed into double-sided polypropylene bags under argon atmosphere and 
brought out for the powder mixing for 12 min using SPEX 8000M ball mill. Afterwards, freshly 
prepared fine powders were loaded into in Nb containers inside argon-filled glovebox; the metal 
containers were further sealed by arc-melting and placed into silica reactors equipped with 
Swagelok safety check valves to prevent over-pressurizing of the reactors due to release of 
hydrogen gas during the heat treatment. The silica reactors were evacuated down to 410-5 bar and 
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placed into the resistance furnaces (Thermo Scientific Thermolyne Type FD1500M) connected to 
thermo controllers (Eurotherm 3216). For preparation of the tetragonal Li2.78Ni16B8 phase the 
following optimized heating profile was used: samples were slowly (1.82 K/min) heated from 
room temperature to 1173 K, held at that temperature for 12 hours, and cooled to room temperature 
by switching furnace off. Additional heating step was added for the synthesis of hexagonal 
LiNi3B1.8 (previously reported as “Li1.2Ni2.5B2” phase): samples were heated from room 
temperature to 1173K (1.82 K/min), followed by dwelling for 12 hours, and slow cooling to 1023 
K in 24 hours, and dwelling for 120 hours. Experimentally the following LiH:Ni:B molar ratios 
were found to give the highest yield: 1.7:3:2.4 for hexagonal phase and 6.9:16:9.6 for tetragonal 
phase, if polycarbonate grinding vial set is used. If the vial set with tungsten carbide inserts is 
utilized, the ~6-15 % excess of LiH is required to get single-phase products.  
For growing crystals suitable for single crystal XRD, a heating profile with slow cooling step, as 
well as a 2-fold (hexagonal) and 4-fold (tetragonal) molar excess of lithium hydride (a source of 
lithium liquid flux at high temperatures) was employed. The following heating profile for crystal 
growth of the tetragonal phase was utilized: heating to 1323 K (2.13 K/min) and dwelling for 12 
h followed by slow cooling (0.625 K/min) to 873 K and dwelling for 55 hours. The slightly 
different temperature profile was employed for hexagonal phase: heating to 1273 K (2.03 K/min) 
and dwelling for 12 h followed by slow cooling (0.22 K/min) to 873 K followed by cooling to 
room temperature.  
Both compounds are air and moisture stable, and the corresponding samples prepared for further 
exploration of physical properties and solid state-NMR study were washed with deionized water 
to dissolve excess of elemental lithium. 
Powder X-ray Diffraction. The purity of polycrystalline samples was checked by means of Rigaku 
MiniFlex600 powder diffractometer with Cu Kα radiation (λ = 1.54051 Å) and Ni-Kβ filter. Data 
were collected on a zero-background plate holder in air at room temperature.  
Single-Crystal X-ray Diffraction. Single crystal data were collected using Bruker D8 VENTURE 
diffractometer (Photon CMOS detector, Mo-IS microsource and Oxford Cryosystem 800 low 
temperature device) at 100 K. Data integration, absorption correction, and unit cell determination 
was performed by APEX 3 software.[45] The starting atomic parameters were obtained by direct 
methods with the SHELXS-2017.[46] Subsequently, the structures were refined using SHELXL-
2017 (full-matrix least-squares on Fo
2) with anisotropic atomic displacement parameters for all 
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atoms.[46] The occupancy parameters were refined in separate least-squares cycles. Experimental 
details and crystallographic data are compiled in Table 1. 
Hexagonal phase LiNi3B1.8. Analysis of the diffraction data revealed hexagonal/trigonal Laue 
symmetry. The systematic absences and the E-value statistics indicated the non-centrosymmetric 
space groups P31, P32, P3121, P3221, P3112, P3212, P62, P64, P6222, P6422. Under symmetry 
P6222 originally used for solution in literature
[25] the atoms are distributed among four atom sites 
occupying the following Wyckoff positions: Ni atoms in 6f and 3d, Li atoms 3a, and B in 6i. 
However, the refinement revealed significant electron density residuals on the difference Fourier 
map localized close to Ni atoms in 3d and 6f sites at nonrealistic short distances of ~ 0.7 Å. This 
was refined as Ni sites split position model with the constrain of total occupancy for each site to 
100%. In the case of 3d Ni site the split site has doubled multiplicity (6f). To account for this the 
occupancy factor for the 6f split site was additionally constrained to be ½. For the Ni split sites, 
Ueq parameters were constrained to be the same for Ni1/Ni11/Ni12 and Ni2/Ni21, respectively, 
while the occupancy sums of the corresponding Ni split sites (Ni1/Ni11/Ni12 and Ni2/Ni21) were 
fixed to unity. Further inspection of statistically possible Ni-B distances revealed that the B site 
occupancy has to be constrained to be same as that of Ni1 site to avoid the unrealistically short 
distances between B and Ni11 and Ni12 atoms in the split sites. During refinement, the Flack 
parameter was refined to 0.45, thus indicating that the measured crystal is an inversion twin. The 
twin domain ratio (instructions TWIN and BASF in SHELXL) was refined to be 0.45(10). It is 
noteworthy to mention that the structure can be solved in P6422 space group with the BASF 
parameter 0.55(10). The groups P6222 and P6422 constitute enantiomorphic pair, where structure 
inversion implies the change of space group.[47, 48] The space group P6222 was chosen for the final 
refinement (Table 2), since this crystal structure model represents the major component of the 
crystal. 
Tetragonal phase Li2.8Ni16B8. Analysis of the diffraction data revealed tetragonal Laue symmetry. 
The systematic absences and the E-value statistics indicated the three possible space groups: 
centrosymmetric P4/mbm and non-centrosymmetric P4̅b2, P4bm. According to the solution in 
P4/mbm space group the four Wyckoff sites 4g, 4f, 8j and 16l are fully occupied by Ni atoms. 
Electron density residuals was attributed to lighter B atoms in 4e, 4g, 8k sites as well as the lightest 
Li in 2a and 4h sites. During the final refinements the occupancy factor of B in 4g site was refined 
to ~ 0.97(2), thus it does not deviate from unity within e.s.d., and this site was considered as fully 
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occupied. The refinement of occupancy factor for two Li sites reveals possible partially occupancy 
of 4h site ~ 0.90(4), while the occupancy factor for the 2a Li site does not deviate from unity. The 
final refinement of the structure was performed with anisotropic displacement parameters for all 
the sites (Table S3). 
 
Table 2. Experimental details and crystallographic data for the borides LiNi3B1.76(2) and 
Li2.80(8)Ni16B8. (single crystal diffraction data) 
Empirical formula LiNi3B1.76(2) Li2.80(8)Ni16B8 
CSD number 1874287 1874288 
Formula weight, g/mol 202.10 1045.17 
Space group, Z P6222, 3 P4/mbm, 2 
Cell parameters:  a, Å 
                            c, Å 
                            V, Å3 
4.8347(2) 
8.6604(4) 
175.31(2) 
8.2037(4) 
7.4120(4) 
498.83(6) 
Temperature, K 100 100 
Absorption Coeff., mm-1 23.485 29.340 
Range of θ, º 4.869-39.948 2.748-33.167 
Range of h, k, l ±8, ±8, ±15 ±12, ±12, ±11 
F(000) 287 993 
Crystal size, mm 0.05 × 0.05× 0.08 0.04 × 0.04× 0.04 
Measured reflections 6811 8659 
Independent reflections 367 
(Rint  = 0.012) 
552 
(Rint  = 0.024) 
Reflections with F >2σ(F) 316 
(R = 0.036) 
493 
(R = 0.055) 
Data / parameter 316 / 26 493 / 45 
GOF for F2 1.163 1.148 
Final R-indices [F >2σ(F)] R1 = 0.014 
wR2 = 0.033 
R1 = 0.025 
wR2 = 0.030 
R-indices (all data) R1 = 0.021 R1 = 0.032 
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wR2 = 0.034 wR2 = 0.031 
Larg. diff. peak and hole, e/Å3 0.52 / -0.87 1.57 / -1.18 
Further details of the crystal structure investigation) can be obtained from the 
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: 
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting the depository number CSD 
1874287 and 1874288. 
Synchrotron powder X-ray Diffraction. High resolution synchrotron powder diffraction data were 
collected for tetragonal Li2.8Ni16B8 and hexagonal LiNi3B1.8 phases at beamline 11-BM Advanced 
Photon Source (APS), Argonne National Laboratory with a wavelength of 0.41268 Å. Data were 
collected at room temperature, ambient pressure. Diffraction patterns were analyzed by the 
Rietveld refinement method using the Jana2006 software package.[49] The profile parameters, 
background parameters, zero correction, and cell parameters were refined first. The background 
was fitted using a shifted 5-order Chebyshev polynomial function, a pseudo-Voigt function was 
applied to generate the profile shape. Atomic coordinates, isotropic displacement parameters and 
site occupancy factors were refined. The results of the Rietveld refinement are listed in Table S2, 
3 and Figure S2-5. 
Solid-state NMR Spectroscopy. 7Li and 11B solid state NMR spectra were measured on a Bruker 
widebore 9.4 T (400 MHz) NMR spectrometer equipped with an Avance III HD console. All 
spectra were acquired using a 1.3 mm double resonance fast MAS probe and indirectly referenced 
to established shifts using adamantane (iso(1H) 1.82 ppm).[50] Samples were prepared for NMR 
experiments by diluting them to approximately 50 weight % in powdered polyfluoroethylene to 
minimize conductivity effects. The MAS rate was 50 kHz in all cases unless otherwise indicated. 
7Li solid-state NMR spectra were acquired using a spin echo pulse sequence with central transition 
(CT) selective pulses. The CT-selective /2 pulse length was 1.5 s corresponding to an RF field 
of 83 kHz. 7Li NMR spectra were acquired with 32 scans and recycle delays between 32 s and 36 
s. 11B solid-state NMR spectra were acquired using a spin echo pulse sequence with CT selective 
pulses with CT-selective /2 pulse lengths of 5 s, corresponding to an RF field of 25 kHz. 11B 
NMR spectra were acquired with 64-256 scans and recycle delays between 1 s and 20 s. The 7Li-
7Li dipolar double quantum single quantum spectrum was obtained using the previously reported 
pulse sequence[51, 52] which uses supercycled  symmetry based homonuclear dipolar R22
1R22
–1
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recoupling. The recycle delay was 0.85 s and 256 scans were acquired for each of 96 indirect 
dimension increments, with the indirect dimension DQ evolution time incremented in steps of 40 
s (2×rot). 
Scanning transmission electron microscopy. Electron diffraction and annular dark-field (ADF) 
and annular bright-field (ABF) scanning transmission electron microscopy data were acquired for 
the hexagonal phase using FEI Titan Themis Cubed Aberration Cs-corrected scanning 
transmission electron microscope (STEM) operated at 200 kV. The powdered sample was 
dispersed in methanol and deposited on a carbon mesh grid. Sample was found to be sensitive to 
electron beam, therefore no electron energy loss spectroscopy (EELS) could be performed for 
quantitative analysis. ABF and ADF images were collected using a collection semi-angle of 12-22 
mrad and 50-200 mrad at 200 kV with a convergence semi-angle of 18 mrad, respectively. 
Simulations of STEM data based on structure model solution from single crystal data refinement 
were performed using Dr. Probe software package,[53] with parameters similar to those used for 
experimental imaging conditions, such as the same accelerating voltage, convergence and 
collection angle, a half width at half maximum of 0.03 nm for source size.  
Magnetic Properties. Magnetic measurements were performed on polycrystalline samples (mass 
60-70 mg) held in a gelatin capsule inside a plastic straw using a Quantum Design MPMS XL and 
MPMS3 SQUID Magnetometer. The data were corrected for the experimentally determined 
contribution of the sample holder. DC magnetic susceptibility measurements were carried out in 
an applied field of 50 Oe, 1, 20 and 30 kOe in the 2-300 K range. Field-dependent measurements 
were carried out at 2 K, 100 K, and 200 K. The sample was cooled without an external magnetic 
field applied and then susceptibility was measured at the external field of 50 Oe, 1 kOe on heating 
to 140 K and 300 K, respectively (ZFC, zero-filed cooled) and on cooling down to 2 K (FC, field-
cooled). 
Electronic structure. The first-principles electronic structure calculations were performed using 
the Vienna ab initio simulation package (VASP) employing the generalized approximation (GGA) 
[54, 55]. All calculations were performed using projector augmented gradient wave (PAW) 
pseudopotentials[56] with exchange and correlation treated by Perdew–Burke–Ernzerhoff (PBE). 
The cutoff energies for the plane wave calculations was set to 500 eV and a convergence energy 
of 1×10-6 eV. A dense mesh of 21 × 21 × 21 (hexagonal phase) and 13 × 13 × 13 (tetragonal phase) 
-centered k-points grids were used for integrations involving the irreducible wedge of the 
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Brillouin zone. No structure optimization was performed. Total energies were calculated using the 
tetrahedron method with Blöchl corrections applied.[57] 
 
 
Supporting information for this article is available on the WWW under 
http://dx.doi.org/10.1002/chem.2018xxxxx. 
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Graphical abstract. 
 
Reactive lithium hydride precursor was utilized for the fast compound screening in Li-Ni-B ternary 
system owing to the intimate mixing of the salt-like powders. The characterization of the 
synthesized lithium nickel borides LiNi3B1.8 and Li2.8Ni16B8 allowed to pinpoint the ordering of B 
vacancies and split Ni sites. The magnetic properties measurements indicate low-temperature spin 
glass behavior for both compounds, while band structure calculations signify metallic behavior 
and nearly filled Ni 3d-band. 
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